Single-molecule fluorescence measurements have been used to characterize membrane properties, and recently showed a linear evolution of the fluorescent lipid analog BODIPY-PC towards small tilt angles in Langmuir-Blodgett monolayers as the lateral surface pressure is increased. In this work, we have performed comparative molecular dynamics (MD) simulations of BODIPY-PC in DPPC (dipalmitoylphosphatidylcholine) monolayers and bilayers at three surface pressures (3, 10, and 40 mN/m) to explore 1) the microscopic correspondence between monolayer and bilayer structures, 2) the fluorophore's position within the membrane, and 3) the microscopic driving forces governing the fluorophore's tilting. The MD simulations reveal very close agreement between the monolayer and bilayer systems in terms of the fluorophore's orientation and lipid chain order, suggesting that monolayer experiments can be used to approximate bilayer systems. The simulations capture the trend of reduced tilt angle of the fluorophore with increasing surface pressure as seen in the experimental results, and provide detailed insights into fluorophore location and orientation, not obtainable in the experiments. The simulations also reveal that the enthalpic contribution is dominant at 40 mN/m resulting in smaller tilt angles of the fluorophore, and the entropy contribution is dominant at lower pressures resulting in larger tilt angles.
INTRODUCTION
Lipid bilayer membranes are one of the essential and critical components in biological cells. Membranes participate in numerous important biological functions by interacting with certain proteins as well as serving as a barrier to the passage of polar molecules and ions. 1 Due to the difficulties associated with studying intact membranes quantitatively, model lipid membranes have been widely used to explore biological membrane properties. 2 These simplified models enable precise control over lipid components and experimental conditions such as temperature and surface pressure. As such, these studies have collectively provided detailed insights into overall membrane structure, 3 phase behavior, 4 and the influence of sterols. 5 In addition, considerable efforts have been made to define the structural characteristic of lipid membranes such as lipid chain tilting, 6 bilayer thickness, 7 acyl chain order parameters, 8 surface area per lipid, 3, 7, 9 and compressibility. 10 It has also been shown that molecular dynamics (MD) simulations can accurately model the lipid chain order, area per lipid, compressibility, and bilayer thickness. 11 DPPC (dipalmitoylphosphatidylcholine) is one of the most well studied lipid types, and previous studies have utilized x-ray diffraction with monolayers to examine lipid chain tilting. 6a, b Recently, single-molecule fluorescence measurements have provided new insights into DPPC chain tilting and order at different surface pressures in both monolayers and bilayers. 6c, d These studies utilized out-of-focus polarized total internal reflectance fluorescence microscopy (PTIRF-M) to characterize the orientation of the fluorescent lipid analog BODIPY-PC (Figure 1 ), doped into DPPC membranes. Fluorescent lipid analogs such as BODIPY-PC are widely used in the study of both model and intact membranes. 12 They are ubiquitous in the studies of phase partitioning and also for understanding dynamics using techniques such as fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS). 13 For Langmuir-Blodgett monolayers, these PTIRF-M single-molecule measurements showed that the tilt angle of the fluorophore is sensitive to lateral surface pressure and addition of sterols. 6c, d As surface pressure is increased, a linear evolution towards smaller tilt angles was observed, indicating an increase in the acyl chain order. The tilt angle dependence on surface pressure was used to construct a calibration plot to find the equivalent surface pressure for bilayers. 6c
Although monolayer experiments provide more convenient control over membrane properties such as surface pressure, bilayers certainly offer a more realistic representation of biological membranes. While trends in the PTIRF-M single-molecule orientation measurements clearly reflect changes in membrane structure, several important, fundamental questions remain unanswered; 1) what is the microscopic correspondence between monolayer and bilayer structures, 2) where does the probe position within the membrane, and 3) what are the microscopic driving forces determining the orientation of the reporter dye at different surface pressures? To address these questions, we have performed a total of 1.5-μs comparative MD simulations of DPPC monolayer and bilayer systems incorporating one BODIPY-PC molecule per leaflet at low (3 mN/m), medium (10 mN/m), and high (40 mN/m) lateral pressures. In addition, since the previous single-molecule d were done at room temperature, which is below the transition temperature of DPPC (323 K), we have done the measurements again at 323 K in order to directly compare with the simulation results. To the best of our knowledge, this is the first MD simulation work of the BODIPY dye in a membrane and the first attempt to directly compare MD simulations and single-molecule experimental approaches using BODIPY.
METHODS

BODIPY-PC parameters
In order to simulate BODIPY-PC in lipid membranes, we first created CHARMM topology and parameters of the BODIPY-PC molecule through the following steps. The first step involved parameterization of BODIPY molecule. The geometry optimization, vibrational frequency calculations, and CHELPG electrostatic potential fitting of atomic charges were performed at the HF/6-31G* level using GAUSSIAN03. 14 The majority of the internal bonding force constants (bond stretching, angle bending, proper and improper torsions) were transferred from existing molecular fragments in the CHARMM force field. 15 Fourteen parameters related to deformations around the boron center were optimized by fitting the CHARMM vibrational frequencies to GAUSSIAN03 results using the AFMM program, 16 with 10,000 optimization cycles resulting in a root-mean-square fit of 82 cm −1 . The Lennard-Jones parameters for C, N, F and H atoms were transferred from analogous groups in the CHARMM force field. 15 The LJ parameters for boron were taken from a sulfur atom (atom type S) in the CHARMM force field: ε −0.450 kcal/mol and R min /2 = 2.0 Å. Similar LJ parameters for boron were used in a recent Boron-Nitride nanotube work with a slight difference of R min /2 of 0.3 Å: ε −0.453 kcal/mol and R min /2 = 1.69 Å. 17 In addition, since boron has a tetrahedral configuration, it has a limited direct interaction with solvent and lipids, and the detailed accuracy for the LJ terms may not be crucial in the BODIPY-PC case. These results were then used to create the topology and parameters for BODIPY-PC, with missing parameters transferred from analogous groups in the CHARMM force field. 15a The CHARMM topology and parameters of BODIPY-PC are available as Supporting Information (bodipy-pc-toppar.tar); a CHARMM input, bodipy-pc.inp, is provided to create a BODIPY-PC molecule.
Molecular dynamics simulations
Using the input scripts from the CHARMM-GUI Membrane Builder (www.charmm-gui.org), 18 two BODIPY-PC molecules were inserted into the top and bottom leaflets of an equilibrated DPPC bilayer with 64 lipids on each leaflet, and the lipid system was solvated with 4635 water molecules, and 14 K + and 14 Cl − ions, corresponding to 0.15 M KCl solution (a total of 30853 atoms; Figure 2 ). The area per lipid was set to 64 Å 2 , which corresponds to ~10 mN/m (medium lateral pressure). We assume that BODIPY-PC has the same lipid area as DPPC, given the structural similarity between the two molecules ( Figure 1 ). Then, five independent simulation runs at this surface area were equilibrated for 200 ps with different initial velocity assignment. Each equilibrated bilayer system was used to build monolayers by switching the top and bottom half of the bilayer and by increasing the system size along the Z-axis to 140 Å to prevent the interaction between both leaflets through the periodic boundary conditions ( Figure 2 ).
All calculations were performed in the NPAT (constant pressure, area, and temperature) ensemble 19 at 323 K using the biomolecular simulation program CHARMM 15a with the C27r all-atom parameter set. 20 A time step of 2 fs was used with the SHAKE algorithm. 21 We used the same options for non-bonded interactions in the input scripts provided by the CHARMM-GUI Membrane Builder; 18a, 18c the van der Waals interactions were smoothly switched off at 10-12 Å by a force switching function 22 and electrostatic interactions were calculated using the particle-mesh Ewald (PME) method with a mesh size of about 1 Å for fast Fourier transformation, κ = 0.34 Å −1 , and a sixth-order B-spline interpolation. 23 For each of the independent monolayer and bilayer simulation runs, we performed 50-ns simulations including 3-ns equilibration.
To build the low-pressure (3 mN/m) and high-pressure (40 mN/m) monolayer and bilayer systems ( Figure 2 ), we changed the surface area (64 Å 2 per lipid ≈ 10 mN/m) of each equilibrated medium-pressure monolayer and bilayer system to 77 or 40 Å 2 per lipid, respectively. The pressure isotherm for DPPC has been thoroughly studied, and changes in the area per molecule with surface pressure are well documented. 6c, 24 The pressure change was done by gradually changing the system size by 1 Å every 100 ps. We again carried out 50-ns simulations including 3-ns equilibration that consists of the system size adjustments. Therefore, we have performed 50-ns comparative MD simulations for a total of 30 simulation runs (5 monolayer and 5 bilayer runs each at low, medium, and high pressures).
Experimental Details
The previous single-molecule PTIRF-M experiments 6c, d were done at room temperature, which is below the transition temperature of DPPC (323 K). In this work, PTIRF-M measurements were done at 323 K in order to directly compare with the simulation results. In the measurements, the fluorescence from single BODIPY-PC dye molecules (Invitrogen Corporation, Carlsbad, CA, B3794) doped into DPPC membranes (Avanti Polar Lipids, Alabaster, AL) was individually analyzed to extract the three-dimensional orientation of the emission dipole. 25 For the preparation of monolayers, DPPC was dissolved in chloroform (1mg/ml stock solutions). The solutions were doped with ~10 −8 mol % BODIPY-PC reporter dye, and dispersed onto a subphase of ultra-pure water (18 M3) in a Langmuir-Blodgett trough (Type 611, Nima Technology, Coventry, England). For studies above the transition temperature of DPPC, a water circulator bath (Neslab RTE-140, Thermo Scientific, Waltham, MA) was used to circulate water under the Teflon surface of the LB trough to maintain a temperature of 323±1 K. Once the lipid/chloroform mixture was dispersed on the subphase, the chloroform was allowed to evaporate for 15 minutes. DPPC monolayers were compressed at a speed of 100 cm 2 /min to approximately 45 mN/m and then expanded at a speed of 80 cm 2 / min. The compression/expansion cycles were repeated twice to anneal the monolayer. The monolayer film was then compressed to each of the three pressures (3, 10, and 40 mN/m), held for approximately 15-20 minutes, and then transferred in a head-group down geometry onto a Piranha cleaned glass substrate at a dipping speed of 25 mm/min. All films were imaged using a total internal reflection fluorescence microscope (TIRF-M) (Olympus IX71, Center Valley, PA) equipped with a 100x objective (1.45 NA achromat). The 514 nm line from an argon ion laser (Coherent Innova 70 Spectrum, Santa Clara, CA) was directed through half-wave and quarter-wave plates (Newport, Irvine, CA) to generate p-polarized excitation. Excitation was directed through the objective and fluorescence collected in an epifluorescence geometry with the optics defocused ~500 nm. As others have shown, defocusing the optics leads to distinct emission patterns in the single molecule fluorescence image that reflects the orientation of each molecule (see 6c, d and references therein). Analysis of the single molecule emission patterns enables both the polar and azimuthal angles to be extracted for each BODIPY-PC doped into the DPPC membranes. The fluorescence was filtered with a combination of a dichroic mirror and long pass filters (Chroma, Rockingham, VT) and imaged onto a CCD camera (Cascade 650, Roper Scientific, Tucson, AR). Image collection was controlled with Slidebook software (Version 4.2, Intelligent Imaging Innovations, Denver, CO) and analyzed using MatLab software (Natick, MA) (see references 6c, d for details). Such measurements, therefore, enable a direct comparison to be made between the single molecule orientation measurements and the single molecular simulations described above.
RESULTS AND DISCUSSION
Correspondence between Lipid Monolayers and Bilayers
To explore the microscopic correspondence between monolayer and bilayer structures, we first examined the BODIPY-PC orientation in the systems. Figure 3A shows the distribution of BODIPY-PC tilt angles (τ, the angle between the fluorophore vector in Figure 1 and the membrane normal) in the monolayer and bilayer simulation systems at three different surface pressures. The distributions reveal nearly identical structures between the monolayer and bilayer systems for each pressure. At high surface pressure, the fluorophore molecule is predominantly aligned normal to the membrane with most of the population having τ < 20°, which is well correlated with the tilt angles of lipid tails ( Figures S1-2 in Supporting Information). A second peak around 40-50° for the high-pressure bilayer system, which is missing in the monolayer results, is due to intermittent visits of dye molecules to tilted conformations during the simulations (Supporting Figure S3) . The mean BODIPY-PC tilt angle increases as the pressure decreases and its distribution becomes broader for monolayers and bilayers. These results clearly illustrate that the dye molecule responds to the changes in the surrounding membrane environment such as surface pressure. Moreover, the tilt angle distributions of monolayers and bilayers behave similarly when different pressures are applied, and those of the corresponding monolayer and bilayer systems match quite well. This result indicates that monolayers can be used to approximate bilayer systems particularly with respect to at least lipid tilt and associated properties.
To explore the extent of the acyl chain order in the monolayer and bilayer systems, lipid chain order parameters (|S cd |) were calculated for each pressure ( Figure 4A ). As expected, order parameters are highest for the high-pressure systems, i.e., the lipid chain order is increased as the lateral surface pressure increases. In fact, this observation is correlated with the bilayer thickness as a function of surface pressure ( Figure 4B ), i.e., the membrane thickness is increased as the lipid chain order increases. Such a correlation can be visualized in Figure 2 . This result shows that as the surface pressure is increased, packing of the lipid molecules in the membranes becomes tighter, which is reflected in the small tilt angle distribution of the BODIPY-PC molecule ( Figure 3A ) and lipid tails (Supporting Figure S1) . Moreover, there is a good agreement in |S cd | between corresponding monolayers and bilayers with only slight deviations in the low-pressure system. This again indicates similar structural properties for lipid monolayers and bilayers. The slight deviations with low pressure membranes appear to arise from the increased interdigitation (i.e., overlap) between the lipid acyl chains of each leaflet in the bilayers (Figure 5 ), which is absent in the monolayer systems. 26 With increased interdigitation, the nature of lipid-lipid interactions between the corresponding monolayer and bilayer systems becomes different in lowpressure systems; the lipid chains in bilayer systems are more ordered than in monolayer systems, which needs to be considered carefully in monolayer experiments.
BODIPY-PC Position in Membranes
In order to examine the position of the BODIPY-PC fluorophore within the membrane, we calculated the interaction partners of the fluorophore molecule in each system. As shown in Figure 6A , the fluorophore in BODIPY-PC predominantly interacts with lipid acyl chains at any given surface pressure, although the fluorophore's interaction with water and headgroup slightly increases as surface pressure decreases. It becomes clear that the BODIPY-PC molecule does change their orientation in response to the changes in the acyl chain properties through such extensive interactions with lipid acyl chains. To further examine and visualize the position of the fluorophore in the membrane, the density profiles of individual components in the system were calculated (Figure 7) . The density profiles confirm that the dye almost entirely remains in the membrane hydrophobic region. Interestingly, although τ and |τ − 180°| are indistinguishable in experiments, MD simulations show that the BODIPY-PC dye explores tilt angles close to 180° intermittently at the low and medium pressures (Supporting Figures S3-4) . Such visits to the head group region increase interactions of the dye with water and lipid head groups ( Figure 6B ), but these interactions diminish as the surface pressure increases due to a shift to smaller τ ( Figure 6A ). Figure 3B shows the distributions of BODIPY-PC tilt angles from the single molecule fluorescence measurements of the dye molecules doped into DPPC monolayers at low and high surface pressures (see Experimental details in METHODS). A bimodal distribution in tilt angles is observed at both surface pressures, consistent with previous measurements done at room temperature. 6c, d At both pressures, large populations of molecules are observed oriented normal to the surface (τ < 10°) and in the plane of film (τ > 80°), with few oriented at intermediate angles. As also shown in Figure 3B , the MD simulations at low pressure reveal a broad distribution of tilt angles centered at large τ which sharpens and shifts to smaller τ at higher pressure. In both experiments and MD simulations, there is a clear trend of increased order in the system as the surface pressure is increased, despite a considerable difference between the simulated model and experimental conditions, such as experiments on supported membranes versus simulations of unsupported membranes. Unlike the experimental results, however, the MD simulations do not show a bimodal distribution in τ.
Comparison with Experiments
It is instructive to consider possible reasons for such discrepancy between simulation and experimental results. First, the characteristic bimodal distributions in the experimental results may arise from lipid phase coexistence, which is not captured in the relatively small membrane models used in the simulations. 1, 27 Second, previous studies based on fluorescence quenching analysis 28 showed that BODIPY-PC similar to ours can have two distinct positions in membrane bilayers; one is close to the lipid head group/water interface, and the other is close to the bilayer center, although these experiments could not provide a detailed orientation of the BODIPY dye. Therefore, one can also envision another possibility that the bimodal distribution of the BODIPY dye tilt angle possibly arises from their distinct locations: small tilt angles from the BODIPY buried in the lipid chain and large tilt angles (τ ≈ 90°) from the dye in/on the lipid head group.
While it is intractable to verify the influence of the lipid phase separation on the BODIPY orientation using atomistic MD simulations of the present system sizes, we have performed addition simulations to examine the influence of the dye locations on the BODIPY orientation. Such additional simulations were necessary because, while there is sufficient sampling of the dye orientation in the lipid chain region (Figures 7 and S3) , it was not the case for the dye conformation in the region of the head group in the present simulations. Therefore, using the final structures (from three independent systems) at the medium pressure, we first performed restrained MD simulations by moving BODIPY's center of mass (Z dye ) from 3 Å to 24 Å (upper leaflet BODIPY-PC) and −3 Å to −24 Å (lower leaflet BODIPYPC) by 1 Å every 100 ps. We then performed 10-ns unrestrained (normal) MD simulations for the systems with |Z dye | = 3, 6, 9, 12, 15, 18, 21 , and 24 Å in three independent systems.
As shown in Figures 8A, during the restrained MD simulations, BODIPY shows a clear tendency to have large tilt angles as it is forced to move to the lipid head group region (|Z| = 19 ± 5). However, as shown in Figures 8B, most BODIPY molecules move back to the orientation/location shown in Figures 3 and 7, i.e., smaller tilt angles inside the lipid hydrophobic region; such an orientation/location appears to be an equilibrium one in the current BODIPY force field. While the current simulations cannot definitively resolve the origin of the bimodal distributions observed in the single molecule experiments, it is suggestive that such distribution may result from the lipid phase separation than the distinct dye locations in the membranes. Nonetheless, it should be stressed that agreement between experiment and simulation shows a shift in the population of tilt angles towards smaller angles upon increase of surface pressure and demonstrates that such experiments can capture the changes occurring in the membrane structure.
Energetics of BODIPY-PC Tilting
While the current simulations cannot reproduce the experimental bimodal distribution of BODIPY tilt, it is still instructive to consider the energetics of BODIPY tilting in bilayers with different surface pressures because the simulations at least capture the trend of reduced tilt angle of the fluorophore with increasing surface pressure as seen in the experimental results. It has been shown that single-pass transmembrane helix tilting is governed by the intrinsic entropy from the helix precession around the membrane normal as well as specific helix-membrane interactions. 29 Using a similar approach, the mean interaction energy of BODIPY-PC with surrounding environments (i.e., lipid, water, and ions) was calculated as a function of τ. Assuming that the mean interaction energy is similar to the enthalpic contribution, Figure 9A shows that at low and medium pressures, the enthalpic contribution remains approximately constant as a function of τ. This demonstrates that the dye molecule tilting toward large tilt angles at these pressures ( Figure 3A) is driven by the entropy contribution ( Figure 9B ) that represents the increased freedom of movement for the dye around the membrane normal, i.e., the accessible orientational space of the dye is reduced as τ decreases, which causes the entropy penalty associated with small tilt angles. However, at a high surface pressure, there is a significant interaction energy penalty associated with larger tilting of the dye due to tight packing of acyl chains. Thus, the enthalpic contribution becomes dominant and the dye prefers to stay at smaller tilt angles. This analysis reveals that the BODIPY-PC dye responds to the local environmental changes through detailed interplays between the enthalpic (dye-lipid interactions) and entropy (dye configurations) contributions.
CONCLUSION
To the best of our knowledge, we present the first MD simulation study of the BODIPY dye in a membrane, which has been used extensively in various biology experiments. [12] [13] The MD simulations of BODIPY-PC at three surface pressures reveal very close agreement between the monolayer and bilayer systems in terms of the dye orientations and lipid chain order. These observations suggest that monolayer experiments can be used to approximate bilayer systems at least for these and associated properties. In general, the simulations capture the trend towards normal oriented dyes with increasing surface pressure as seen in the single-molecule experimental results. In addition, the simulations provide detailed insights into dye location and orientation, which are not readily obtained in the experiments. Such comparisons provide a basis for understanding the recent single molecule measurements characterizing BODIPY-PC tilt angles in similar films. The simulations also provide insights into the microscopic driving forces governing the dye molecule tilting; the enthalpic contribution is dominant at high pressure conditions resulting in smaller tilt angles, and the entropy contribution is dominant at medium and low pressures resulting in larger tilt angles.
Finally, although the current simulations cannot definitively resolve the origin of the bimodal distributions observed in the single molecule experiments, the additional restrained/ unrestrained MD simulations suggest that such distribution may result from the lipid phase separation than the distinct dye locations in the membranes. Further computational studies of this important dye molecule, such as free energy calculations as a function of the dye orientation in different lateral pressures (representing different lipid phases), may elucidate the origin of the bimodal distributions observed in the single molecule experiments.
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Refer to Web version on PubMed Central for supplementary material. DPPC and BODIPY-PC with the fluorophore vector (between the two red carbons) to define its orientation. (A) Lipid chain order parameters (|S cd |) from simulations: S cd = 〈3cos 2 θ − 1〉/2, where θ is the angle between the C-H bond vector and the Z-axis (membrane normal). The line schemes are the same as in Fig. 3A. (B) The bilayer thickness as a function of surface pressure. Each point represents the average bilayer thickness of 5 different bilayer systems at corresponding surface pressures. The bilayer thickness is measured as the average distance between the C2 carbon atoms in the top and bottom leaflets. The error bars are similar to the symbol size and are too small to be seen. (A) Distributions of interdigitation propensity as a function of acyl chain carbon number at three different pressures. The interdigitation population at each carbon represents its chance to have any close contact (within 4.5 Å) with any carbons in the opposite leaflet. For example, the probability for C 10 to interact with acyl carbons in the opposite leaflet increases from almost zero at the high pressure to ~5% and ~15% at the medium and low pressures, respectively. (B) A molecular picture showing the contact of C 16 carbon at the bottom leaflet to C 3 carbon at the upper leaflet. The number density of the BODIPY-PC fluorophore (black), lipid acyl chains (green), lipid head groups (red), and water (blue) for (A) low and (B) high lateral pressure systems. For clarity, the density of BODIPY-PC is scaled by 10. Two-dimensional distributions as a function of the dye tilt angle and the center of mass Zposition for (A) the initial restrained MD runs and (B) the final 2-ns production for three independent systems (in each row) at the medium lateral pressure. The color bars indicate the normalized population. The energy profiles (in kcal/mol) of (A) interaction between the BODIPY-PC dye and surrounding environments, and (B) the entropy contribution as a function of the dye's τ. For clarity, the standard deviation in the interaction energy (±2.5 kcal/mol) is not shown. The entropy contribution was calculated by − k B T ln |sin(τ)| starting from τ = 0.01° (the smallest τ observed in the simulations). 29a
